Dellal SS, Luo R, Otis TS. GABA A receptors increase excitability and conduction velocity of cerebellar parallel fiber axons. J Neurophysiol 107: 2958 -2970. First published February 29, 2012 doi:10.1152/jn.01028.2011In the adult mammalian brain, GABA A receptors (GABA A Rs) are responsible for the predominant forms of synaptic inhibition, but these receptors can excite neurons when the chloride equilibrium potential (E Cl ) is depolarized. In many mature neurons, GABA A Rs are found on presynaptic terminals where they exert depolarizing effects. To understand whether excitatory GABA action affects axonal function, we used transverse cerebellar slices to measure the effects of photolysis of caged GABA on the initiation and propagation of compound parallel fiber (PF) action potentials (APs). Photolysis of caged GABA increased the amplitude and conduction velocity of PF APs; GABA reuptake blockers and a positive modulator of GABA A Rs enhanced these effects. In contrast, a modulator selective for ␦-subunit-containing GABA A Rs did not enhance these effects and responsiveness remained in ␦ Ϫ/Ϫ mice, arguing that ␦-subunit-containing GABA A Rs are not required. Synaptically released GABA also increased PF excitability, indicating that the mechanism is engaged by physiological signals. A Hodgkin-Huxleystyle compartmental model of the PF axon and granule cell body was constructed, and this model recapitulated the GABA-dependent decrease in AP threshold and the increase in conduction velocity, features that were sensitive to E Cl and to the voltage dependence of sodium channel inactivation. The model also predicts that axonal GABA A Rs could affect orthodromic spike initiation. We conclude that GABA acting on cerebellar PFs facilitates both spike generation and propagation, allowing axons of granule cells to passively integrate signals from inhibitory interneurons and influence information flow in the input layer to the cerebellar cortex.
THE CLASSICAL STUDIES OF MUSCLE afferent inputs to spinal motor neurons that gave rise to the concept of presynaptic inhibition also eventually led to the first identification of presynaptic GABA A receptors (GABA A Rs) (Eccles et al. 1963) . Subsequent work by many laboratories demonstrated that this GABA A R-mediated presynaptic inhibition results from a depolarizing action of GABA on presynaptic afferent terminals (Rudomin and Schmidt 1999) . Since those initial findings, GABA A Rs have been observed on presynaptic terminals in a variety of brain regions, including auditory brain stem, ventral tegmental area, hypothalamus, amygdala, hippocampus, cerebellum, and cortex, and in most of these locations GABA has been found to be depolarizing (Alle and Geiger 2007; Khirug et al. 2008; Pugh and Jahr 2011; Stell et al. 2007 ; Szabadics et al. 2006; Trigo et al. 2007; Turecek and Trussell 2002; Woodruff et al. 2006; Xiao et al. 2007; Zhang and Jackson 1993) . Cell-attached and perforated patch-clamp approaches applied to large axon terminals in brain stem auditory nuclei, anterior pituitary, and hippocampus have indicated that depolarizing effects of GABA can be attributed to a depolarized chloride equilibrium potential (E Cl ) (Price and Trussell 2006; Ruiz et al. 2010; Zhang and Jackson 1993) .
Although there have been many studies on the consequences of presynaptic GABA A Rs on synaptic transmission, relatively little is known about whether these receptors affect axonal excitability. To directly test whether transient activation of GABA A R affects axonal excitability, we have taken advantage of transverse cerebellar slices, which preserve PF axons, allowing compound action potentials (APs) to be recorded as fiber volleys. Prior studies of GABA action on parallel fiber (PFs) have established that activation of axonal GABA A Rs increases the frequency of synaptic currents recorded in postsynaptic targets of PFs (Stell et al. 2007 ). This increased excitability is accompanied by increases in calcium transients in PF axonal bundles (Stell 2011 ) and in single en passant PF synaptic boutons (Pugh and Jahr 2011) . Electron microscopy data have demonstrated that GABA A R subunits are present on PF presynaptic boutons and likely on axons, as well (Stell et al. 2007) . The experiments presented here extend this work to examine how GABA A Rs affect axonal excitability.
We have found that UV photolysis of GABA, ␣-carboxy-2-nitrobenzyl ester (CNB-caged GABA) increases both the amplitude and conduction velocity of PF volleys, effects that are inhibited by GABA A R antagonists, enhanced by blocking GABA reuptake, and enhanced by broad spectrum modulators of GABA A Rs. Trains of stimuli generate increases in axonal excitability that are blocked by GABA A R antagonists and enhanced by GABA reuptake inhibitors, suggesting that these mechanisms are engaged by physiological activity. Recognizing the prominent extrasynaptic GABA A R conductance present in granule cell bodies, we tested whether GABA A R-mediated excitation of PFs persists in ␦-subunit knockout mice and found no differences from wild type, indicating that extrasynaptic GABA A Rs composed with this subunit are not required.
Construction of a compartmental model of the PF axon and granule cell body allowed us to examine the effects of different chloride gradients in the axon. With a depolarized E Cl , the model reproduced the GABA-dependent decrease in spike initiation threshold and increase in conduction velocity. The magnitude of E Cl relative to the resting potential and the voltage dependence of sodium channel inactivation were critical factors in the model behavior. The model indicated that PF axons could act like dendrites to passively integrate GABA A R-mediated depolarization and influence AP initiation at the spike initiation zone.
Together these observations show that depolarizing GABA A Rs can robustly influence the electrical behavior of axons. Interestingly, the GABA-and activity-induced increases in excitability that we describe here show many similarities to a phenomenon termed "supernormal excitability," identified in PF axons in vivo (Gardner-Medwin 1972; Malenka et al. 1983 ). Our results suggest that GABA A Rs contribute to this activity-induced increase in conduction velocity and excitability and that this mechanism allows molecular layer inhibitory interneurons to influence the timing and strength of information emanating from the granule cell layer, the principal input layer of the cerebellum.
MATERIALS AND METHODS
Brain slice electrophysiology. After deep anesthesia was induced with isoflurane, mice were decapitated, in accordance with a protocol approved by the University of California, Los Angeles Institutional Animal Care and Use Committee. The cerebellum vermis was removed and placed in an ice-cold cutting solution containing (in mM) 85 NaCl, 2.5 KCl, 0.5 CaCl 2 , 4 MgCl 2 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 25 glucose, and 75 sucrose. Transverse slices (300 m) were cut from 19-to 35-day-old C57/Bl6 wild-type or ␦ Ϫ/Ϫ mice with a Leica VT1000 vibratome (Leica Microsystems, Wetzlar, Germany) and stored in external recording solution containing (in mM) 119 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 25 glucose, warmed to 35°C for 15-20 min, after which the solution was allowed to reach room temperature. All solutions were continuously bubbled with 95% O 2 -5% CO 2 . All drugs and reagents were purchased from Sigma-Aldrich (St. Louis, MO), Tocris Bioscience (Ellisville, MO), Ascent Scientific (Princeton, NJ), or Invitrogen (Carlsbad, CA). Recordings were made at room temperature with a Dagan BVC-700A (Dagan, Minneapolis, MN), Axopatch 200A, or Axopatch 200B amplifier (Axon Instruments, Foster City, CA). Data was acquired with pClamp software (Axon Instruments).
External solutions during recordings contained CGP-35348 (100 M) to block GABA B receptors and O-(CNB-caged) GABA (100 M) in the photolysis experiments. CGP 35348 (100 M) was also included in the stimulus train experiments. All experiments were conducted at room temperature and under recirculation of the external solution (7-10 ml total volume) at a flow rate of 2-4 ml/min. Extracellular population spike (fiber volley) recordings were carried out as follows. A bipolar stimulating electrode (FHC, Bowdoin, ME) was placed in the molecular layer, and a recording electrode (1-3 M⍀) was placed in the same molecular layer 80 -500 m distal to the stimulating electrode. Single stimuli ranging in duration from 40 to 400 s and in intensity from 15 to 350 A were delivered to the stimulating electrode via an Iso-Flex stimulator (A.M.P.I., Jerusalem, Israel) to elicit the fiber volley. All fiber volleys were AP-dependent, since they were eliminated by TTX (0.5-1 M).
Photolysis of caged GABA. Photolysis of caged GABA was accomplished with a 2-s UV flash from an epifluorescence lamp using a 366-nm center wavelength, full-width half-maximum 17-nm excitation filter, a 409-nm dichroic mirror (both filters from Semrock, Rochester, NY), and either a ϫ40, N.A. 0.8 or ϫ60, N.A. 0.9 objective, as described previously (Dittman and Regehr 1997) , and was shuttered by a digital pulse from a Master-8 interval generator (A.M.P.I.).
A prior study that used photolysis of 150 M CNB-caged GABA in transverse cerebellar slices estimated a peak GABA concentration of ϳ10 M (Dittman and Regehr 1997) . Although similar in many respects to our experiments (same preparation, same objective lens, same caged GABA at a similar concentration), this study used a different UV source (flash lamp rather than an arc lamp) and applied GABA locally to the slice, reducing extinction effects caused by UV absorption of caged GABA when it is circulating in the bath. Nonetheless, their estimates are consistent with maximal peak concentrations in the range of tens of micromolar at the slice surface. Given the high UV absorption of cerebellar tissue (DiGregorio et al. 2007) , it is expected that progressively lower concentrations would be achieved with depth in the slice.
UV light has been reported to have direct effects on many ion channels including GABA A receptors (Chang et al. 2001) . With this in mind, we performed a number of control experiments, including testing the effects of UV light pulses in the absence of caged GABA, testing UV pulses with GABA A receptor antagonists present (see Fig.  1 ), and testing the effects of endogenous GABA (see Fig. 8 ). These experiments confirmed that UV-induced transient potentiation of fiber volleys and of conduction velocity were dependent on both the presence of caged GABA and functional GABA A Rs.
Endogenous GABA excitation. To elicit endogenous GABA release, 20-Hz stimulus trains were delivered for 1.5-3 s. Stimulus intensity (100 -200 A, 40 -150 s) was fixed throughout a single experiment, and all experiments were conducted in the GABA B R blocker CGP-35348 (100 M). Using a blinded experimental design, we compared the effects of control solution with a solution containing 100 M CdCl. In each experimental group, picrotoxin (PTX; 100 M) was applied to isolate the PTX-sensitive response to the train.
Experiments examining the effects of NNC-711 (10 M) were not blinded. In these experiments NNC-711 was applied, followed by PTX, allowing the PTX-sensitive responses to be calculated for both control and NNC-711. PTX-sensitive control responses in this experiment were statistically indistinguishable from the control responses in the prior blinded design, so the control data have been pooled in Fig. 8 .
Data analysis and statistics. Unless otherwise noted, error bars represent SE and significance was tested using a one-tailed Student's t-test. The choice of a one-tailed as opposed to a two-tailed test was justified because we had an a priori expectation of the direction of the effect. In cases where distributions failed tests of normality by the Shapiro-Wilk test, the Mann-Whitney rank sum (MWRS) test was used as indicated. Data analysis was carried out with Excel, SigmaPlot, and routines written in Matlab R2008.
In all experiments involving photolysis, we defined excitation as the maximum value reached in the 6-s window from the start of the UV flash; this is for all parameters measured, i.e., volley amplitude, latency, and velocity. Inhibition was defined as the minimum value reached in the 11-s window from the start of the UV flash, since the inhibition occurs on a longer time scale than the excitation (Stell 2011) . By using this definition, a value for inhibition can be obtained for every experiment, because it is simply the minimum value. This is to be distinguished from the inhibition described in Fig. 3 , A and B, where there was no excitation measured. In the GABA uptake blockade experiments (see Fig. 5 ), cumulative value differences were calculated by summing the normalized values in the 11-s time window from the start of the UV pulse.
In the experiments involving stimulus intensity variation (see Fig.  4 ), responses were extremely variable at the lowest stimulus intensities (Ͻ10% maximum) with coefficients of variation in baseline amplitude and response that were 80 -320% larger than at higher intensities. For this reason we chose to display data from the range of 10% to 100% of normalized baseline amplitude.
In the stimulus train experiments, traces were averaged from four trials per experiment, normalized to the first pulse amplitude, and peak values from each pulse in PTX conditions were subtracted from peak values in control, NNC-711, and cadmium conditions. Because of the temporally correlated nature of these subtracted time series, we chose to test the significance of the cumulative amplitude differences as a time series in each condition. In this case, statistical tests are conducted at successive time points that reflect cumulative differences from the beginning of the train.
NEURON modeling. The compartmental model of the granule cell was constructed in NEURON using mammalian Hodgkin-Huxley channels (Wang et al. 2003) . The soma has a diameter of 5.8 m and an area of 105.68 m 2 , with resistivity of 1,000 ⍀/cm 2 , capacitance of 1 F/cm 2 , sodium channel conductance of 45 mS/cm 2 , potassium channel conductance of 18 mS/cm 2 , and leak conductance of 30 S/cm 2 . The axon has the same conductive properties but is 0.3 m in diameter, with each compartment a single segment 2.5 m in length. The ascending branch of the fiber is 70 m in length and branches into two segments of 750 and 250 m, respectively. For all compartments, the reversal potentials are V Na ϭ 50 mV, V K ϭ Ϫ77 mV, and V L ϭ Ϫ70 mV. Temperature is set at 30°C as in Wang et al. (2003) and Diwakar et al. (2009) ; however, additional experiments (not shown) conducted at room and physiological temperatures both showed spike facilitation and velocity increases of 108.33% (24°C) and 111.00% (37°C), respectively. In addition to the standard leak conductance and voltage-gated sodium and potassium conductances, we introduced a tonic chloride conductance (G GABA ) used to model GABA A Rs. At the soma, this conductance is constant at 100 S/cm 2 , with a reversal potential (E rev ) of Ϫ70 mV. Given a 5.8-m-diameter cell body, this corresponds to a conductance of 423 pS, within the range reported for tonic current in granule cells (Brickley et al. 2001 ). In the axons, the conductance is GABA A R gated; i.e., it is zero in control and 100 S/cm 2 when active, with E rev varying from Ϫ75 to Ϫ60 mV. Spike threshold in our model ranges between Ϫ48 and Ϫ50 mV, considerably more depolarized than any of the E Cl values used in the simulations. To understand the relative contributions of shunting and depolarization on the reported effects, we ran simulations in which we varied the magnitude of G GABA with E rev set at Ϫ60 mV. Threshold currents injected at the soma were determined as an indication of excitability. Minimal thresholds were found to occur with G GABA approximately equal to 100 S/cm 2 . Threshold remained lower than control (i.e., G GABA ϭ 0) until G GABA exceeded 1,800 S/cm 2 , at which point the shunting effect of the conductance predominated over the depolarizing effect and G GABA caused net inhibition. Output from NEURON was analyzed in Matlab R2008.
RESULTS

Compound APs in PFs are enhanced by photolysis of caged GABA.
To test whether PF excitability was directly enhanced by GABA A receptor activation, we performed extracellular recordings of stimulus-evoked population spike activity (fiber volleys) in the molecular layer of acute cerebellar cortical slices cut in a transverse/coronal plane (Fig. 1A ). An extracellular stimulating electrode and a recording electrode were placed at distances of 80 to 500 m apart, and fiber volleys were elicited by single stimulus pulses at a frequency of 1 Hz. The external solution contained 100 M CGP-35348 to block GABA B receptors and 100 M CNB-caged GABA. Photolysis of caged GABA transiently enhanced the amplitude (Fig. 1 , B and C), and this amplitude increase was blocked by either 50 M SR-95531 or 100 M PTX (n ϭ 95 for control, n ϭ 68 for antagonists, P Ͻ 0.001, MWRS test, Fig. 1C ), confirming that this resulted from the action of GABA at GABA A Rs. UV excitation in the absence of CNB-GABA had no significant effects on the volley amplitude (101.9 Ϯ 0.6% peak amplitude in UV, 99.0 Ϯ 0.6% minimum amplitude in UV; P Ͼ 0.26, paired 2-tailed test for the average, minimum, and maximum values reached during the 6 s after the UV vs. the 6 s before the UV, n ϭ 9 measurements from 6 slices).
AP conduction velocity is increased by photolysis of caged GABA. We also noticed that the GABA photolysis decreased the latency of the evoked fiber volley and that this effect was sensitive to GABA A R antagonists (control, 136 Ϯ 7 s advancement relative to pre-UV period; antagonists, 49 Ϯ 6 s advancement, n ϭ 95 and 68, respectively, P Ͻ 0.001, MWRS test). In the absence of CNB-GABA in the bath solution, UV excitation alone slightly decreased the volley latency (24 Ϯ 7 s advancement, n ϭ 9 measurements from 6 slices), similar to the photolysis responses in GABA A antagonists (P ϭ 0.12,
2-tailed t-test).
These decreases in volley latency suggested to us that GABA increased fiber volley conduction velocity. To get a more accurate measurement of conduction velocity, two recording electrodes and a stimulating electrode were positioned in the molecular layer along a beam of PFs so that fiber volley propagation could be recorded (Fig. 1D) . Conduction velocity was then estimated by . The plot is of the volley amplitude normalized to the average of the 9-s control period before the UV flash. D: diagram of the setup of experiments to measure conduction velocity. E: summary time course from the velocity experiments in control (n ϭ 16 slices, 14 animals) and after wash-in of SR (n ϭ 3) or PTX (n ϭ 10). F: summary of the pre-UV raw volley amplitudes (gray circles) before and after GABA A R blockade by SR or PTX. Average data are denoted by black diamonds. Ordinate axis is logscaled. In C and E, a statistically significant difference (**P Ͻ 0.002) between control and the GABA A R antagonist condition is indicated.
dividing the spatial separation of electrodes by the temporal difference in volley onset. The average conduction velocity we measured in this manner is 0.231 Ϯ 0.046 m/s (n ϭ 16), similar to that reported previously (Vranesic et al. 1994) . Photolysis of caged GABA increased conduction velocity, an effect sensitive to GABA A R antagonists (control, 107 Ϯ 1.0%, n ϭ 16; GABA A R antagonists, 103 Ϯ 0.8%, n ϭ 13 antagonists, P ϭ 0.002, unpaired t-test, Fig. 1E ).
Tonic GABA levels in cerebellar slices activate extrasynaptic forms of GABA A Rs (Santhakumar et al. 2006) . To assess whether ambient GABA levels in slices tonically increase PF axonal excitability, we tested whether GABA A R antagonists change baseline volley amplitude. No significant effects of GABA A R antagonists were found (n ϭ 68, P ϭ 0.73, MWRS test, Fig. 1F ), suggesting that basal levels of GABA in the vicinity of PFs do not increase axonal excitability, either because they are not high enough to activate GABA A Rs or because a persistent presence of GABA is ineffective (Bright et al. 2011) .
In these experiments GABA was deliberately photolysed in a large volume to influence as large a population of PFs as possible; this approach has the potentially complicating consequence that GABA A Rs on granule cell bodies may be activated. To test whether the effects of GABA photolysis on fiber volleys are influenced by somatic GABA A receptors, we carried out a series of experiments in which we surgically removed the granule cell layer, completely severing the connections between granule cell bodies and PF axons (Fig. 2, A and  B) . Figure 2 , C and D, summarizes the excitatory actions of GABA photolysis on fiber volley amplitude (127 Ϯ 8.1%, n ϭ 5) and latency (advancement of 113 Ϯ 7.9 s, n ϭ 5) in this reduced slice. GABA A R antagonists significantly inhibited these effects (P ϭ 0.024 for amplitude and P ϭ 5.2 ϫ 10 Ϫ4 for latency). Statistical comparison of these data with the main data set plotted in Fig. 1 indicated that they are not significantly different (P ϭ 0.11 for amplitude and P ϭ 0.47 for latency,
2-tailed t-tests).
A slow inhibitory phase was observed in some slices. There have been reports in several brain regions, including in cerebellar PFs, of axonal GABA A Rs mediating inhibition (Glickfeld et al. 2009; Ruiz et al. 2003; Stell 2011; Zhang and Jackson 1995) . When data from all slices were examined, there was evidence of a biphasic effect that manifested as a slight depression in the fiber volley amplitude following the initial peak enhancement. The average minimum reached for all measurements was 95 Ϯ 0.5% (n ϭ 95), a significant reduction from the pre-UV pulse baseline (P ϭ 0.042, MWRS test). Although significant, because peak depression occurs with a variable latency in different slices, it is barely discernible in the average time course in Fig. 1C .
In a minority of slices (6 of 70) we observed monotonic decreases in the volley amplitude with photolysis, and this inhibition was reduced by GABA A R antagonists (control, 86 Ϯ 2.0%; antagonists, 92 Ϯ 1.3%, n ϭ 8 measurements, P ϭ 0.026, paired t-test; see MATERIALS AND METHODS for how this was calculated; Fig. 3A) . However, inhibition of fiber volley amplitude in this subset of experiments was not accompanied by delays of the volley arrival or decreases in fiber volley velocity. In fact, it was associated with significantly increased conduction velocity (latency: 161 Ϯ 31 s, n ϭ 11 measurements in 8 slices; velocity: 107 Ϯ 1%, n ϭ 3 slices, P Ͻ 0.02, paired t-tests). This "pure" inhibition decreased in older animals (Fig. 3B) , a developmental profile distinct from that exhibited by excitation (Fig. 3C) .
GABA B receptors on PF axon terminals inhibit calcium influx but have been reported to modestly inhibit PF volley amplitudes recorded with voltage-sensitive dyes (Dittman and Regehr 1997; Sabatini and Regehr 1997) . All experiments presented to this point included the GABA B receptor antagonist CGP-35348. To test whether GABA B receptors influence the fiber volley and conduction velocity or may contribute to the slow inhibitory effects, we compared photolysis responses before and after addition of the GABA B receptor antagonist CGP-35348. We observed similar excitatory actions of GABA photolysis on fiber volley amplitude and latency in the absence of CGP-35348 and no significant change after addition of the antagonist (normalized volley amplitude: control, 123 Ϯ 2.8%; CGP-35348, 126 Ϯ 3.8%, P ϭ 0.11, paired t-test; relative volley latency: control, 84 Ϯ 14.6 s; CGP-35348, 89 Ϯ 13.5 s, P ϭ 0.18, paired t-test, n ϭ 5). Inhibitory actions were also unaffected (control, 92 Ϯ 2.5%; CGP-35348, 91 Ϯ 2.9%, P ϭ 0.58, paired 2-tailed t-test). Together these results show that the inhibitory effects are relatively small and slow compared with the excitatory effects and are dependent on GABA A Rs but unrelated to GABA B receptors. In C and D, significant differences (*P ϭ 0.024; ***P ϭ 0.00052) between control and GABA A R antagonist conditions are indicated. Neither amplitude (P ϭ 0.11) nor latency (P ϭ 0.47) in the dissected slice are significantly different from the group data obtained in intact slices in Fig. 1 .
Recruitment of more axons accounts for the increase in fiber volley amplitude.
To further explore the mechanism underlying GABA-mediated excitation of PFs, we carried out experiments similar to those described above but using a range of electrical stimulus intensities. If the excitatory effect of GABA increases the probability of eliciting a spike in individual axons, then as the electrical stimulus intensity is raised, the increase of volley amplitude evoked by GABA photolysis should be smaller, since there will be progressively smaller pools of axons to recruit. We found a robust, inverse correlation between percent enhancement and baseline fiber volley amplitude (Fig. 4A) , consistent with the view that GABA is increasing the probability that an axon is brought to threshold at a given stimulus intensity. No correlation was observed for inhibition vs. baseline volley amplitude (Fig. 4B) . We also tested whether the magnitude of the conduction volley increase varied with stimulus intensity and found no correlation consistent with a mechanism that does not depend on fiber recruitment (Fig. 4C) .
The magnitude of the photolysis effect was dependent on the clearance rate of GABA from the extracellular space surrounding the axons. Blockade of the GABA transporter GAT-1 by NNC-711 (10 M) significantly increased the peak enhancement of volley amplitude by photolysis and prolonged the time course of the photolysis increase (n ϭ 14, P ϭ 0.0007, paired 2-tailed test comparing cumulative amplitudes of control vs. drug, Fig. 5, A and B) . NNC-711 did not significantly increase the peak enhancement of velocity, but it did prolong the time course of velocity increase, although this effect did not reach significance (n ϭ 5, P ϭ 0.059, paired 2-tailed test, Fig. 5 , C and D). Two other GABA transporter isoforms, GAT-2 and GAT-3, are not expressed in the cerebellar cortex (Clark et al. 1992; Durkin et al. 1995) . Consistent with this, the GAT-2-and GAT-3-specific antagonist SNAP-5114 had no significant effect on the photolysis enhancement of volley amplitude (cumulative amplitude change: control, 79 Ϯ 18%, SNAP-5114, 54 Ϯ 16%, P ϭ 0.15, paired 2-tailed test; n ϭ 9 measurements in 5 slices from 4 animals).
Subunit requirement of axonal GABA A Rs mediating excitation. To obtain insight into the molecular composition of the axonal GABA A Rs mediating this excitatory effect, we tested a series of drugs that target different GABA A R subtypes. We first tested etomidate, a widely used intravenous anesthetic that enhances currents from all GABA A Rs containing either a ␤ 2 -or ␤ 3 -receptor, independent of whether ␥-or ␦-subunits are present (Belelli et al. 1997; Meera et al. 2009 ). Etomidate (5 M) increased the excitatory effect of GABA photolysis on volley amplitude (P ϭ 0.038, paired t-test, n ϭ 8, Fig. 6, A and  B) . In addition, etomidate enhanced the inhibition that followed the initial excitation ( Fig. 6A, P ϭ 0.006, paired t-test) . Fig. 1B . In A, a significant difference (*P ϭ 0.026) between control and the SR/PTX condition is indicated. Fig. 4 . Relationship of GABA photolysis effects with stimulus intensities. A: plot of normalized amplitude excitation by GABA vs. normalized baseline volley amplitude. Experiments were carried out as in Fig. 1 , but the stimulus duration was varied systematically between trials. All volley amplitude values for a single experiment were normalized to the peak volley amplitude for the entire experiment, and then the data were binned (5% bin width) and averaged (n ϭ 17 measurements, 9 slices from 9 animals). B: plot of normalized amplitude inhibition vs. baseline volley amplitude (from the same experiments as in A; see MATERIALS AND METHODS for discussion of how inhibition was defined). C: plot of normalized velocity increase vs. baseline volley amplitude (n ϭ 8 slices from 8 animals).
We then tested the more specific allosteric modulator diazepam, a benzodiazepine that enhances currents from GABA A Rs that both lack the ␣ 4 -and ␣ 6 -subunits and contain a ␥-subunit (Mohler et al. 2001) . Diazepam (1 M) had no significant effects on either the excitatory or inhibitory actions of GABA photolysis on volley amplitude (excitation: P ϭ 0.65, MWRS test, n ϭ 9; inhibition: P ϭ 0.39, paired t-test, Fig. 6, C and D) . As discussed in MATERIALS AND METHODS, photolysis-induced GABA concentration transients within the slice are unlikely to saturate ␣ 1 ␤ 2/3 ␥ 2 receptors, the only receptor subtypes present on PFs that would be diazepam sensitive (Santhakumar et al. 2006 ). Thus we interpret the lack of diazepam sensitivity to rule out ␣ 1 ␤ 2/3 ␥ 2 receptor subtypes as major contributors to the potentiating effect of GABA on PF axons.
The GABA A R ␦-subunit has been shown to be extrasynaptically localized in the cerebellum, hippocampus, and other brain regions (Brickley et al. 1996; Farrant and Nusser 2005) . Also, ␦-containing GABA A Rs are reported to be expressed at mossy fiber terminals in the hippocampal dentate gyrus, where they mediate a depolarizing action of GABA (Ruiz et al. 2010) . To determine whether the excitatory GABA effects on PFs require the ␦-subunit, we first tested the drug DS2, which has been shown to be a specific positive allosteric modulator of GABA A Rs containing the ␦-subunit (Shu et al. 2011; Wafford et al. 2009 ). There were no significant effects of DS2 (10 M) on the excitatory phase of volley amplitude (n ϭ 8, P ϭ 0.11, paired t-test, Fig. 7, A and B) ; however, DS2 enhanced the inhibitory phase (P ϭ 0.03, paired t-test, Fig. 7A ).
We then carried out the same photolysis experiments in cerebellar slices from mice lacking the ␦-subunit gene. These mice lack tonic GABA A R-mediated currents in the cell bodies (i.e., granule cells) of PF axons (Meera et al. 2011; Stell et al. 2003) . Photolysis of GABA in slices from GABA A R antagonists significantly inhibited the response in ␦ Ϫ/Ϫ slices (n ϭ 10, P ϭ 0.032, MWRS test, Fig. 7C ). Photolysis of GABA in slices from ␦ Ϫ/Ϫ mice was statistically indistinguishable from that observed in slices from wild-type mice (n ϭ 12 for ␦ Ϫ/Ϫ group, P ϭ 0.25, MWRS test, Fig. 7C ), indicating that the ␦-subunit is not required for this excitatory action of GABA.
Endogenously released GABA can excite PFs. To determine whether endogenous GABA released by molecular layer interneurons can also excite PFs, we carried out experiments in which stimulus trains (20 Hz) were delivered to the molecular layer while fiber volleys were recorded 300 -500 m away in the presence of a GABA B R blocker (Fig. 8A) . As compound APs, fiber volley amplitudes varied during trains, typically increasing in amplitude steeply during the first 0.4 s and reaching a steady-state amplitude ϳ1 s into the train (Fig. 8B) . To isolate the GABA A R-dependent effects, we compared trains in the absence and presence of the GABA A R antagonist PTX and calculated the GABA A R-dependent change in fiber volley amplitude during the train normalized to the amplitude of the first pulse (Fig. 8C ). To assess whether GABA A Rdependent increases in fiber volley amplitude are due to GABA Fig. 6 . Axonal GABA A Rs mediating photolysis effect are sensitive to etomidate but not to classical benzodiazepines. A and B: etomidate summary data. A: time course of volley amplitude (n ϭ 7 measurements, 7 slices, 7 animals). B: amplitude summary data. Significant differences (*P ϭ 0.038; **P ϭ 0.006) between control and etomidate conditions are indicated. C and D: diazepam summary data. C: time course of volley amplitude (n ϭ 8 measurements, 5 slices from 5 animals). D: amplitude summary data. released from interneurons, we used a blinded experimental design to compare responses in control solution with responses in solution containing the calcium channel blocker cadmium (100 M). After the initial 0.4-s transient rising phase, there was a significant PTX-sensitive response in the control condition but not in the cadmium condition (control, n ϭ 6, 0.027 Ͻ P Ͻ 0.050; cadmium, n ϭ 6, 0.17 Ͻ P Ͻ 0.490, Fig. 8C ). These results demonstrate that synaptic transmission is re- . Comparisons between control and DS2 were not significantly different for the excitatory phase (P ϭ 0.11) but were for the inhibitory phase (P ϭ 0.03). B: amplitude summary data. C: time course of volley amplitude in ␦ Ϫ/Ϫ mice (control, n ϭ 12 slices, 10 animals; SR, n ϭ 3; PTX, n ϭ 7). A significant difference (*P ϭ 0.032) between control and GABA A R antagonist conditions is indicated. Fig. 8 . Endogenously released GABA contributes to PF excitation. A: diagram of the experimental design. B: sample fiber volleys in response to 20-Hz stimulation. Traces have been normalized to the amplitude of the first fiber volley in the train, and numbers above traces indicate the pulse number in the train. Black traces are control, blue traces are in the GABA uptake blocker 10 M NNC-711, and red traces are in 10 M NNC-711 and 100 M PTX. C: mean time courses of the PTX-sensitive components in control (black, n ϭ 16), 100 M Cd (green, n ϭ 6), and 10 M NNC-711 (blue, n ϭ 10). PTX-sensitive components are expressed as a fraction of the amplitude of the first fiber volley in the train. Control data for cadmium and NNC-711 experiments are pooled in this plot (see RESULTS). Significant differences from no change were found for cumulative, PTX-sensitive components in control (*P ϭ 0.042) and NNC-711 (**P ϭ 0.004). Control and NNC-711 components are significantly different from one another in the time period from 0.8 to 1.2 s (P Ͻ 0.05). quired for the GABA A R-dependent effect and imply that fiber volley amplitudes are altered by the release of GABA from molecular layer interneurons.
We next examined whether the GABA uptake blocker NNC-711 further enhanced this effect. Analysis of the cumulative PTX-sensitive change in the time period from 0 to 0.75 s showed significant increases in the control condition; because this control was indistinguishable from the control condition above (Kolmogorov-Smirnov 2-sample test, 0.08 Ͻ P Ͻ 0.82 for time points between 0 and 1.2 s), control data have been pooled in Fig. 8C . For both control and NNC-711 conditions, PTX-sensitive responses cumulated over the time period from 0 to 0.75 s were significantly enhanced from no change (Fig.  8C , control in black, n ϭ 10, P ϭ 0.042; NNC-711 in blue, n ϭ 10, P ϭ 0.004). Although there was a trend toward larger increases throughout the train in the presence of the GABA reuptake inhibitor, the difference between control and NNC-711 only became significant late in the train (0.8 -1.2 s, n ϭ 10, 0.034 Ͻ P Ͻ 0.05). Together these data suggest that GABA release from molecular layer interneurons can excite PF axons and facilitate the amplitude of fiber volleys during trains.
Depolarizing GABA A R actions in a compartmental model of granule cell and PF axon. To establish whether a regional difference in chloride concentration in axonal compartments could account for increased axonal excitability in PFs, we implemented a NEURON model of a granule cell body and bifurcating PF axon with mammalian Hodgkin-Huxley-style conductances (Wang et al. 2003) . The model consists of a 5.8-m-diameter cell with a 0.3-m-diameter axon (Fig. 9A) . The axon ascends for 70 m and then bifurcates into two branches, one 750 m and the other 250 m. Each axonal compartment is 2.5 m in length. All compartments have a constant density of leak conductance, voltage-gated potassium conductance, and voltage-gated sodium conductance. To mimic tonic inhibition, all simulations include a constant conductance of 100 S/cm 2 (E rev ϭ Ϫ70 mV) at the cell body in addition to the standard leak conductance.
To simulate GABA effects on the axon, gated GABA conductances with user-defined reversal potentials designated as G GABA, Erev are added selectively to axonal compartments. In this way the model can be used to explore how PF axon excitability is affected by regional activation of axonal con- Fig. 9 . Simulation of the effect of GABA A R-activation on axonal excitability. A: diagram of the NEURON simulation. B: a family of responses recorded in the axon in response to an ascending range of current injections (1-ms duration, 10 -50 pA) into a site in the axon 600 m away. Black traces indicate control, and purple traces indicate conditions in which an axonal GABA conductance (G GABA ; 100 S/cm 2 , Ϫ60 mV reversal potential for chloride) is active. Trace durations are 25 ms. C: spiking probability as a function of stimulus size. Each color shows the effect of a GABA-gated chloride conductance (100 S/cm 2 ) with a different reversal potential. D: threshold current as a function of G GABA reversal potential. Horizontal line shows the threshold current for control condition (G GABA ϭ 0). Arrow indicates the resting potential of Ϫ70 mV; note that activation of G GABA, Ϫ70 mV leads to an increase in threshold.
ductances with a range of reversal potentials from Ϫ55 to Ϫ75 mV, that is, G GABA, Ϫ55 mV to G GABA, Ϫ75 mV .
When GABA A R conductances (100 S/cm 2 ) were activated in the axon, the threshold for spike generation triggered by current injection in the axon was reduced in a manner dependent on the reversal potential. Activation of G GABA, Ϫ60 mV in the axon decreased spike threshold to 40% (Fig. 9, B-D) . In contrast, with G GABA, Ϫ70 mV , that is, a reversal potential set equal to the resting membrane potential of the axon, spike threshold increased slightly, presumably due to shunting inhibition (Fig. 9, C and D) . Increases in spike threshold were also observed for G GABA, Ϫ75 mV .
Experiments on single PF axons suggest that axonal G GABA might also affect orthodromic spike initiation (Pugh and Jahr 2011) . To test whether the model shows this behavior, currents were injected into the granule cell body to elicit spikes (Fig. 10A) . Activation of axonal G GABA also decreased orthodromic spike threshold in a manner dependent on reversal potential (Fig. 10, B and C) . In this case no shunting was seen for the threshold curve when the reversal potential for G GABA was equal to the resting membrane potential. However, a small delay in time to spike was observed when the reversal potential for G GABA was equal to the resting membrane potential consistent with shunting (Fig. 10D , compare control and Ϫ70-mV curves). Considered together, the modeling results suggest that axonal G GABA decreases threshold for orthodromic spikes, facilitating normal spike generation.
We next examined whether activation of axonal G GABA affected conduction velocity by depolarizing the cell body and measuring AP propagation at two sites in the axon (Fig. 11A) . As was the case for the threshold effect, GABA-induced changes in conduction velocity varied with G GABA, Erev such that conduction velocity was inhibited by 6.3% G GABA, Ϫ75 mV and increased by 10.3% at G GABA, Ϫ60 mV .
To better understand how axonal depolarization increases conduction velocity we explored changes in the properties of the voltage-gated sodium conductance. Given that G GABA is depolarizing the axon, we reasoned that increases in conduction velocity would be sensitive to the voltage dependence of sodium channel availability, as formalized in the hϱ curve. To test this hypothesis, we modified the mammalian version of sodium conductance (Wang et al. 2003) used in the earlier simulations so that it would have an hϱ curve identical to that of the original Hodgkin-Huxley (HH) sodium channel (Hodg- Fig. 10 . Simulation of the effect of GABA A R-activation on orthodromic spike initiation. A: diagram of the NEURON model. B: traces recorded in the soma in response to a range of stimulus intensities. Black traces indicate control (G GABA ϭ 0), and purple traces indicate G GABA, Ϫ60 mV ϭ 100 S/cm 2 . C: spiking probability curves in response to current injection at the soma. Different colors indicate reversal potentials for G GABA . D: time to spike for action potentials (AP) at the soma vs. stimulus current. Each color represents simulations at different reversal potentials for G GABA . Note the slight shunting effect apparent as a slightly longer delay to spike in comparing G GABA, Ϫ70 mV (red) with control (black). kin and Huxley 1952). With an HH channel, fewer than half as many sodium channels are available at Ϫ60 mV as are available at Ϫ75 mV (Fig. 11B , green curve) compared with a loss of only 10% over the same membrane potential range with the mammalian channel (Fig. 11B, black curve) . In simulations using the HH sodium channel, the resting membrane potential was unchanged (Ϫ70 mV in both models with G GABA ϭ 0) and G GABA still decreased threshold, albeit to a smaller extent (Fig.  11C) . However, G GABA -induced increases in conduction velocity were lost; instead, conduction velocity was decreased at all chloride reversal potentials (Fig. 11D) .
DISCUSSION
We have found that transient activation of GABA A Rs on PFs increases axonal excitability and that this is reflected in an increase in the amplitude of fiber volleys and an increase in axonal conduction velocity. Our findings complement previous studies which have suggested that PF presynaptic excitability is increased by GABA (Pugh and Jahr 2011; Stell 2011; Stell et al. 2007 ). In the prior work, pressure pipette application of GABA and/or muscimol or iontophoretic application of GABA was found to increase glutamate release from PFs (Pugh and Jahr 2011; Stell et al. 2007) and to increase PF calcium transients (Pugh and Jahr 2011; Stell 2011) . Calcium imaging of single PF axons as well as whole cell recording from granule cell bodies demonstrated that GABA application to axons reduces the threshold for generating an AP (Pugh and Jahr 2011) . The fiber volley measurements described here extend these observations, demonstrating directly that axonal membrane excitability is altered and that this affects not only presynaptic output but also spike propagation.
The most likely mechanism by which GABA excites PFs is by depolarizing the axonal membrane, thereby bringing the axon closer to AP threshold. In this way the axon could provide passive depolarization to the spike initiation zone, acting in a manner analogous to that of a dendrite. Experimental evidence is consistent with passive propagation of GABA A R-initiated depolarization over considerable distances in PF axons (Pugh and Jahr 2011) . Moreover, modeling studies suggest that APs are initiated in the ascending axon of PFs (Diwakar et al. 2009 ), supporting the idea that axonal GABA A Rs can influence orthodromic spike generation. (Wang 2003) and the squid giant axon Hodgkin-Huxley model (Hodgkin-Huxley 1952) . The range of G GABA, Erev simulated in this study is indicated by the vertical red lines. C: threshold current for generating an AP as a function of G GABA reversal potential. Black curve indicates simulations using the hϱ curve from Wang 2003, and green curve represents simulations using the Hodgkin-Huxley hϱ curve. Symbols at right show the threshold current for control conditions (G GABA ϭ 0) in the 2 models. D: percent change in conduction velocity vs. reversal potential for the 2 models.
It has been hypothesized that the depolarizing effect of GABA on PFs is due to slightly higher chloride concentrations in the axon (Pugh and Jahr 2011; Stell 2011; Stell et al. 2007 ). PFs would thus be similar to mossy fiber axons, calyx of Held nerve terminals, and pituitary nerve terminals, preparations in which cell-attached and perforated patch-clamp recordings have demonstrated GABA depolarization of the terminal (Price and Trussell 2006; Ruiz et al. 2010; Zhang and Jackson 1995) . In the latter two preparations, noninvasive recordings have also allowed estimates of internal chloride concentrations of 15-20 mM and corresponding GABA reversal potentials of approximately Ϫ50 mV (Price and Trussell 2006; Zhang and Jackson 1995) .
The inaccessibility of PFs to patch-clamp methods has made it impossible to directly explore whether there are regional differences in chloride reversal potential in PFs. However, the pattern of expression of chloride cotransporters in cerebellar granule cells and PF axons suggests that regional differences in chloride reversal potential may exist. Chloride gradients in neurons are determined in large part by the actions of two types of chloride transporters, KCC2, which extrudes chloride, and NKCC1, which accumulates chloride into neurons (Blaesse et al. 2009 ). In some brain regions, such as the olfactory neuroepithelium, retina, and suprachiasmatic nucleus, where GABA has been shown to be excitatory, NKCC1 protein has been detected in adult tissue (Belenky et al. 2009; Kaneko et al. 2004; Li et al. 2008) . In other neurons, such as neocortical pyramidal cells, where GABA has been shown to depolarize axons, it is unclear whether NKCC1 is expressed in adults; however, KCC2 protein is excluded from the axonal compartments (Szabadics et al. 2006 ). In the adult cerebellar cortex, both KCC2 and NKCC1 mRNA are present in granule cells (Mikawa et al. 2002) , and KCC2 protein appears to be completely absent in PFs (Seja et al. 2012) . Thus, either the presence of NKCC1 or the absence of KCC2 from PFs likely accounts for the compartmental differences in chloride reversal potential.
The GABA A R subtype responsible for exciting PFs. Our data in slices are consistent with axonal GABA A Rs being entirely responsible for the increase in excitability (Fig. 2) . Indeed, under our experimental conditions, it is unlikely that activation of somatic GABA A Rs could have contributed. The effect of GABA on granule cell bodies is hyperpolarizing; therefore, if there were any contribution to axonal excitability, it would be inhibitory. Moreover, local iontophoresis of GABA onto single PF axons yields a very similar effect to that described here (Pugh and Jahr 2011) .
Cerebellar granule cells express a unique isoform of GABA A R containing ␦-and ␣ 6 -subunits that is localized on extrasynaptic membranes and which knockout studies show is responsible for a tonic GABA current (Brickley et al. 2001; Meera et al. 2011; Nusser et al. 1998; Santhakumar et al. 2006; Stell et al. 2003) . We found that DS2, a modulator selective for ␦-subunit-containing GABA A Rs (Shu et al. 2011; Wafford et al. 2009 ), did not affect the enhancement by GABA on volley amplitude or volley latency; however, it did enhance the inhibitory phase that sometimes followed the initial excitation. If the inhibitory phase arises from persistent activation of PF GABA A Rs, as we argue below, then it is likely the case that ␦-GABA A Rs are involved in excitation as well as inhibition but that in DS2 the inhibitory effect dominates. Nevertheless, GABA-mediated excitation of PFs was present in tissue from mice lacking the ␦-subunit, indicating that although ␦-subunits may be present on PFs, they are not required for GABAmediated excitation of PFs.
Immunocytochemistry suggests that ␦ protein, like ␣ 6 , is expressed highly in granule cell somata and at much lower levels, if at all, in the molecular layer (Pirker et al. 2000) . We have demonstrated here that etomidate enhances the excitatory effect of GABA uncaging on PFs but that diazepam has no effect. This pharmacological profile, sensitivity to etomidate but not to classical benzodiazepines, suggests that PF GABA A Rs either lack a ␥-subunit or contain ␣ 6 , or both (Mohler et al. 2001) . Considering that ␣ 1 protein is detected in presynaptic terminals in PF boutons by electron microscopy (Stell et al. 2007 ) and that ␣ 6 -containing GABA A Rs increase PF release of glutamate (Schmid et al. 1999) , a reasonable possibility is that GABA A Rs on PFs are composed of ␣ 1 , ␣ 6 , ␤ 2/3 , and ␥ 2 or ␦. Biochemical and electrophysiological data support the presence of such a receptor subtype on somatodendritic membranes of granule cells (Jechlinger et al. 1998; Santhakumar et al. 2006 ), although it is also possible that receptors composed only of ␣-and ␤-subunits are involved as has been suggested in hippocampus (Mortensen and Smart 2006) . Together, our data and published literature are consistent with axonal GABA A Rs of the subunit composition ␣ 1/6 ␤ 2/3 ␦,
Inhibition vs. excitation of PFs by axonal GABA A Rs. In a minority of experiments, we observed an inhibitory effect of GABA photolysis on the volley amplitude. This effect is likely similar to the biphasic effect of GABA on PF excitability in response to pressure pipette application of agonists (Stell 2011) . We have found that the inhibition is smaller but otherwise consistent with that described by Stell; in our average data (e.g., Figs. 1C, 6A, and 7A), we also observed excitation followed by inhibition. Inhibition was not caused by GABA B receptor activation and was not associated with a reduction in conduction velocity. In a minority of experiments, inhibition could be observed in the absence of excitation; it also appeared to decrease with age (Fig. 3) . The observations that inhibition develops more slowly than excitation and that it is more prominent under conditions in which receptors are strongly activated suggest that inhibition may result from shifts in ionic gradients.
PF GABA A Rs increase conduction velocity. The reduction in volley latency and increase in the volley velocity seen with GABA A R activation in PFs in both our experiments and our model are reflective of a phenomenon termed "supernormal excitability" (Gardner-Medwin 1972) . Increases in PF volley amplitudes were seen in response to trains of stimuli in vivo and were accompanied by 10 -20% increases in conduction velocity, similar to that described here. Subsequent work suggested that potassium accumulation might play a role (Malenka et al. 1981 (Malenka et al. , 1983 , however, the constraints of studying the phenomenon in vivo made it difficult to dissect the underlying mechanisms.
Our observations suggest that excitatory GABA A Rs on PF axons may contribute to supernormal excitability. On the basis of our experiments, we cannot rule out the possibility that potassium accumulation could contribute to supernormal excitability, as well; indeed, the computational model shows that any modest depolarization from the axonal resting potential by a few millivolts will speed conduction velocity.
Why then does this not occur in all axon types? A key determinate in our model of whether depolarization leads to axon excitability are the properties of voltage-gated sodium conductance, particularly the voltage dependence of inactivation (the hϱ curve for a Hodgkin Huxley-type channel). We found that velocity increases were opposed by sodium channel inactivation at depolarized potentials. When the hϱ curve was shifted to negative potentials, reduced sodium channel availability at depolarized potentials mitigated the increase in axon excitability. In this regard it is intriguing to note that both calyx of Held (Kim et al. 2010) and cerebellar granule cells (Afshari et al. 2004 ) express an unusual form of voltage-gated sodium current characterized by a resurgent activation behavior, a persistent sodium current fraction, and a right-shifted availability (hϱ) curve (Bant and Raman 2010) . This current is mediated by the interaction between Na V 1.6, a pore-forming voltage-gated sodium channel subunit, and an accessory subunit, ␤4 (Grieco et al. 2005) . Knockdown of the ␤4-subunit in cerebellar granule cells leads to a leftward shift of the sodium current inactivation curve (Bant and Raman 2010) , indicating that the resurgent gating mechanism is accompanied by an increased steady-state availability of sodium channels at membrane potentials in the critical potential range between the resting potential and spike threshold. These results raise the interesting possibility that this specialized voltage-gated sodium current may be an important determinant of whether axonal depolarization is coupled to increased conduction velocity in axons.
Conclusion. With the use of extracellular field recordings of evoked population APs, our data confirm a robust excitatory effect of GABA on PFs that had been observed with calcium imaging and single-neuron electrophysiological approaches (Pugh and Jahr 2011; Stell 2011; Stell et al. 2007 ). Use of subunit-specific pharmacology and knockout animals suggests that ␦-subunit-containing GABA A R subtypes play a minor role in these effects and that they are likely mediated by ␣ 6 -and ␥ 2 -containing GABA A Rs. We also report that activation of axonal GABA A Rs can increase AP conduction velocity. Endogenous GABA release mimics the excitatory effect consistent with a physiological role. A simplified NEURON model recapitulates our experimental findings and suggests that the excitatory effect will be sensitive to specific features of voltagegated sodium channels such as the voltage dependence of availability. Through these physiological actions, PF GABA A Rs may exert an important role in signal processing of sensorimotor information in the granule cell layer.
